A thermally stimulated depolarization currents ͑TSDC͒ study in natural fluorapatite single crystals has established different relaxation mechanisms for two polarization orientations (E p parallel and perpendicular to the crystallographic c axis͒, which are discussed in relation to the defect chemistry and the specific columnar structure in apatite. The intensities of the thermostimulated current signals between the two poling field orientations demonstrate a difference of at least one order of magnitude, with the higher one recorded for the electric field parallel to the c axis. The TSDC thermogram appearing with the electric field parallel to c axis, in the 10-320 K range, consists of a broad and complex band ͑HT͒, with a maximum around 300 K. The relative intensity of associated current signals is indicative of extensive dipole-like ionic motions along c axis with a distribution in their activation energies ranging between 0.14 and 0.85 eV. The microdomain structure of fluorapatite along c axis permits the formation of charge layers at the interfaces. After annealing, the induced changes of size and/or shape of the interfaces could explain the observed changes of band intensity and location. With the electric field perpendicular to c axis, the spectrum consists of at least five well-defined relaxation bands, the high temperature ones (HT 1 , HT 2 , HT 3 ) decreasing after heating at 673-873 K. The most dramatic change was recorded for an intermediate LT 2 single-relaxation band located around 185 K, with a high activation energy of 1.06 eV, which manifested a significant growth after annealing. Rietvelt analysis of the x-ray diffraction patterns of the original and annealed apatite powders, indicates change in the unit cell parameters of the hexagonal structure ͑i.e., a increases from 9.3921 to 9.3940 Å after annealing͒, which can be related to the establishment of a new equilibrium distribution of the abundant trivalent rare-earth ͑Ce, La, Nd, Pr,...͒ impurity ions. The origin of the TSDC bands is discussed and tentative correlations are suggested, in terms of substitute aliovalent ions-vacancy dipoles. The thermal response of the high temperature relaxation bands in the case of E p Ќc axis, is characteristic of dipole clustering phenomena-although an explanation based on localized changes in the structural environment of the pertinent dipoles/ions cannot be disregarded.
I. INTRODUCTION
The apatite group inherited its name ͑from the Greek ''␣␣␣ ''ϭI delude͒ prior to the end of the 18th century, through Werner's recognition that its members were frequently confused with other mineral species. Apatite with the general chemical formula Ca 10 ͑PO 4 ͒ 6 ͑F, OH, Cl͒ 2 is a material found in nature and also synthetically prepared, with a high technological interest in material science. [1] [2] [3] [4] [5] The group members usually belong to the P6 3 /m space group and their extremely stable structure allows many chemical modifications, as well as the incorporation of a wide number of impurities. [6] [7] [8] [9] The apatitic structure can be described briefly as follows ͑Fig. 1, Ref. 10͒. PO 4 tetrahedra are arranged in trees around hexad axes ͑screw axes 6 3 ͒ forming columns parallel to the crystallographic c axis, with halogen and hydroxyl ions arranged along the column axis. The two distinguishing Ca structural locations have dissimilar stereochemistries. 6/10 of the Ca 2ϩ ions per unit cell, occupying the so-called Ca͑2͒ site, line the columns internally and tie in the Xϭ͑F Ϫ , OH Ϫ , Cl Ϫ ͒ ions in addition to holding the assemblage together. Each of them is one of the triad that surrounds and is coplanar with an X Ϫ ion at each corner of the unit cell. Their coordination polyhedron is very irregular and approximates to coordination number VII, consisting of six O and one X anions (CaO 6 X). The remaining four Ca columns. Ca͑1͒ sites have a coordination number IX (CaO 9 polyhedron with average Ca-Oϭ2.554 Å in fluorapatite͒ in a regular trigonal antiprism with 6 symmetry and are coplanar with three widely spaced O 2Ϫ ions that form a mirror plane bisecting a trigonal prism. The above atomic arrangement forms a hexagonal network. It should be pointed out that for fluorapatite, at least, the ''tunnels'' or ''channels,'' referred to by some authors 11 for describing the neighboring columns, are not a realistic model inasmuch as the Ca to F bond of the triangular configuration FCa 3 on the 6 3 axis appears to involve distances that are slightly less than the sum of the radii for F III and Ca VII . Apatite in various forms has been the subject for numerous studies involving the application of spectroscopic and electrical methods. 8, [12] [13] [14] Its complicated structure and the multiplicity of substitutions offer a prominent background for the creation of vacancies, electrical dipoles or dipolar complexes, whose behavior is expected to be anisotropic. The thermally stimulated depolarization currents ͑TSDC͒ technique has been proved to be very sensitive for the characterization of fundamental temperature-dependent dipolar or dipolar-like motions, 15 which contribute to a change in the dielectric polarizability of the material along preselected orientations ͑e.g., direction of the polarizing field͒. Such characterization provides information about the atomic scale orientationally dependent relaxation mechanisms. The 17 Nevertheless, all direct current dielectric investigations, to the best of our knowledge, were performed with natural or synthetic apatitic material in compressed powder form, although single crystal experiments could give valuable information based on the different behavior along different orientations. Earlier TSDC investigations have revealed compensation temperatures for the Cl-ap and OH-ap structures in agreement with the reported monoclinic-tohexagonal phase transition temperatures. 18 At the other extreme lay the results collected for polycrystalline synthetic fluorapatites for which the analysis of the observed thermally activated processes in TSDC thermograms has not indicated any compensation phenomena below 1200°C, that is, in agreement with reports stating that fluorapatite is structurally stabilized in this temperature range. 17 The present work reports on the results of the investigation of the effect of poling field orientation on the dielectric response of a natural fluorapatite single crystal from Cerro de Mercado, Durango, Mexico. Studies involving the magnetic properties of this mineral indicate that the magnetic susceptibility of the Durango fluorapatite is very low, 19 as would be expected because of the very low iron and manganese content. In two other cases, 7, 19 the mineralogy and geochemistry, as well as the elastic properties, of fluorapatites from this locality have been extensively studied.
II. EXPERIMENT

A. The method
The TSDC method which was introduced by Bucci and Fieschi 20 has been widely established as a high resolution technique for the electrical characterization of dielectrics, 21 by virtue of its low detection limit of ϳ10 Ϫ7 mole fraction of dipoles. The fundamental features of the typical experimental procedure can be summarized as follows:
͑a͒ An external dc electric field is applied to the sample at a constant temperature T p for a time period t p , adequately chosen so that a saturation dipolar polarization can be reached ͓t p ӷ(T p )͔. The buildup of polarization P 0 is described by the Langevin function and the relaxation time (T) for dipole relaxation is usually defined according to the Arrhenius equation as
͑1͒
͑b͒ Keeping the field on, the sample is cooled down to a low temperature T 0 , at which the relaxation time (T 0 ) is very large compared to the time required for the experiment, resulting in a ''frozen-in'' polarization state. The field is removed and the sample remains short circuited at T 0 for a time long enough so that the fast electronic and atomic polarization components can decay isothermally.
͑c͒ The final step consists of a heating cycle at a preselected constant rate bϭdT/dt. Each dipolar relaxation mechanism is activated within a certain temperature range at which the dipoles return to a random orientation. The rate of decrease of the corresponding dielectric polarization results to a transient current density J D (T), which reaches a maximum at a characteristic temperature T m , fulfilling the condition Under the description of the temperature-dependent properties of the Debye model, the resulting asymmetric current peak is described by the equation
The initial part of a single depolarization current peak ͑for current signals up to ϳ15% of the maximum current intensity J m ͒ is approximated by
and thus the activation energy E can be calculated from the logarithmic plot of ln J D (T) vs T Ϫ1 . The relaxation time (T) is calculated directly from the whole-curve graphical integration method. 20 In systems with axial or lower symmetry, different relaxation mechanisms may appear along different axes and although the TSDC method provides no information about the symmetry of the dipolar system, comparison of the differentiation's encountered between the spectra with different polarization orientations can be valuable, as far as the dipolar-type defect chemistry is concerned. Moreover, the temperature-range overlap of more than one mechanism is not uncommon, and hidden relaxations of low intensity can arise after a suitable application of the external electric stimulus. In addition, cleaning procedures like the thermal sampling and partial discharge or depolarization techniques, as well as appropriate manipulation of the poling conditions (E p ,T p ,t p ), can also lead to unraveling of complex relaxation spectra.
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B. Experimental details
The subject matter in the present investigation were transparent, light yellow-greenish, fluorapatite crystals of gem quality from Cerro de Mercado, near Durango ͑Mexico͒, virtually free from inclusions and mineral coatings. The measuring samples were discs with thickness' ranging between 1.0 and 1.4 mm, cut from a large prismatic crystal ͑approximately 3 1/4 cm long by 1 1/2 cm wide͒ in two perpendicular orientations, parallel and perpendicular to the crystallographic c axis, using the natural faces as a guide. A structural study of our sample was performed by measuring the x-ray diffraction ͑XRD͒ pattern (2ϭ20°-90°), employing a Siemens D5000 powder diffractometer with Cu K␣ radiation and a secondary monochromator at room temperature. A very good fit of the XRD The TSDC scans were carried out in a Leybold-Heraus ROC 10-300 refrigerator-cooled cryostat, accordingly modified for electrical measurements. The R210 two-stage refrigerator used to operate the cryostat is a cryogenerator operating the Gifford-McMahon principle, utilizing the provided closed helium-gas cycle by a suitable compressor unit ͑model RW2͒. The experiment was performed under vacuum conditions (Х10 Ϫ4 -10 Ϫ5 Torr) with the use of a Drytel pump. The dc electric field was applied along the two orientations (E p ʈ c and E p Ќc͒, between stainless-steal electrodes electrolytically covered by chromium. The computer controlled measurements were carried out in the temperature range of 10-320 K with the typical experimental conditions of T p ϭ320 K, E p ϭ18 kV/cm, and t p ϭ5 min, for which a saturation polarization is reached. The typical cooling and heating rates were (5.0Ϯ0.2) deg/min and temperature regulation was achieved using a digital LTC 60 microprocessor controlled unit ͑Leybold-Heraus͒. Thermocurrent signals were monitored by a Keithley 617 programmable electrometer. Annealing in all samples was performed in air for one hour at three different temperatures ͑673, 773, and 873 K͒, followed by quenching at RT at a rate exceeding 100°/min.
III. RESULTS
We shall classify our thermally stimulated depolarization currents results in two groups, in connection with the relative orientations of the applied electric field vector (E p ) and the crystallographic c axis. 
A. TSDC study with E p parallel to c axis
Typical TSDC spectra recorded for the as-received ͑A1͒ and thermally treated ͑B1͒ samples are depicted in Fig. 2 ͑curves a-d͒. The spectra are dominated by an intense broad band ͑denoted HT͒ which reaches a maximum around 300 K and extends almost throughout the entire temperature range under investigation.
The application of the polarization field E p at different polarization temperatures T p , within the 210-320 K temperature window, in both the A1 ͑presented in Fig. 3͒ and the B1 samples, manifested a strong dependence between T p and the maximization temperature T m (T p lagging behind T m by ϳ5°-15°, with reversed behavior for T p у290 K͒. This shift of T m was also accompanied by an increase of the maximum current intensity J m with increasing temperature of polarization. The HT thermocurrents' region of the A1 samples is apparently a complex relaxation band as two barely discernible knees appear in the TSDC spectrum at about 200 and 270 K, respectively.
Successive annealing of the B1 sample ͑at Tϭ673, 773, and 873 K, respectively͒ resulted in a 10°-20°shift of the main HT peak maximum to a higher temperature region accompanied by a moderate increase of J m . Moreover, the rising part of the band ͑previously featuring a knee at 200 K͒ was progressively smoothed out without further changes in the appearance of the HT relaxation band ͑Fig. 2, curves b-d͒. The above observations, in connection with certain characteristics of the TSDC high temperature peak ͑e.g., not exponential rise, coverage of an extended temperature range͒ are a first indication of highly overlapped dielectric polarization mechanisms, presenting a spectrum of relaxation times (T). In order to decompose the band and obtain the energy spectrum of the relaxation mechanisms involved, we applied the partial discharge method ͑otherwise referred to as partial heating or partial depolarization method͒ in both specimens ͑A1 and B1͒ and at intervals of approximately 10°to cover the entire temperature range of interest ͑110-320 K͒. The analysis of the intensity current recordings by means of Eq. ͑4͒ yielded activation energy values ranging between 0.15 and 0.85 eV. Although there is no clear evidence for some stepwise changes in the plot of activation energy E vs the middle point of the discharge temperature range of each cycle T mp ͑Fig. 4͒, within the experimental errors, there appears to be an accumulation of the energy parameters in the narrow spectral range (210Ϯ20) K at the values of (0.53 Ϯ0.03) eV, for the original specimen, and (0.62 Ϯ0.02) eV for the annealed sample, respectively.
B. TSDC study with E p perpendicular to c axis
The TSDC spectrum of a thermally untreated ͑A2͒ sample with the electric field vector perpendicular to the crystallographic c axis is dominated by four overlapping bands that peak at approximately 172 K ͑denoted as LT 1 ͒, 206 K (HT 1 ), 235 K (HT 2 ), and 316 K (HT 3 ) ͑Fig. 5, curve a͒. We should note at this point the presence in the rising part of the HT 1 band of a fifth, much narrower and extremely The TSDC thermogram recorded after annealing the fluorapatite sample at 673 K ͑Fig. 5, curve b͒ for one hour, with subsequent quenching at room temperature, demonstrate a considerable reduction of the high temperature (HT 1-3 ) peaks which progressively tend to disappear for higher annealing temperatures ͑773, 873 K͒. Especially in the case of the HT 1 relaxation band, in the course of the consecutive annealing procedures there was no substantial shift of its intensity maxima ͑Fig. 6, curves a-c͒. However, the most striking result after annealing is the manifestation of an intense and extremely sharp peak in the thermally treated ͑B2͒ sample, in the position where the weak LT 2 spike appeared in the spectrum of the as received sample ͓Fig. 5͑a͔͒. The intensity maximum of this sharp peak appears to have reached its highest value after annealing at 773 K for one hour ͑Fig. 6, curve b͒, with a moderate reduction at the topmost annealing temperature ͑Fig. 6, curve c͒. By repeating the TSDC measurement with identical poling conditions one year following annealing, the entire spectrum and especially peak LT 2 does not show any considerable changes. Application of the electric field at different polarization temperatures T p and times t p leaves the peak characteristics (T m and/or J m ͒ unaffected for the three low temperature bands (LT 1 , LT 2 , and HT 1 ͒, while the maximization temperature for HT 3 always lags behind T p . Moreover, the current intensity maxima of the low temperature bands (LT 1 and LT 2 ͒ show a linear dependence upon E p .
For comparison purposes, we present in Fig. 7 a detailed scan of the TSDC spectrum of the as-received and annealed fluorapatite specimen, polarized with E p parallel to the crystallographic c axis, in the temperature range of the LT 1 and LT 2 relaxations. From a direct comparison there appears to be no evidence about any similar relaxation signal, although we cannot firmly say the same for bands HT 1 and HT 2 which could be hidden below the left wing of the broad and intense HT relaxation band depicted in Fig. 2 .
Analysis of the consecutive current rises collected by means of the partial heating method, applied in intervals of approximately 10°between 110 and 320 K for the A2 and B2 samples, gave results which are presented in Fig. 8 . The straight line fitting of the points of the Arrhenius plot for the lower part of the complex spectrum, which coincides with the rising left wing of LT 1 peak, presents a ͑re͒orientation activation energy of E 1 ϭ(0.38Ϯ0.02) eV. A little higher, in the temperature range where LT 2 peak appears, there is a sudden sharp increase in the calculated activation energy values which reach a maximum at 
IV. DISCUSSION
The dielectric relaxation of an insulator is due to the rotation of impurity-vacancy (I -V) dipoles or molecules with intrinsic polarity, as well as to a migration process of a limited number of free electric charge carriers ͑e.g., electrons and ions͒. When aliovalent impurities are incorporated into a solid matrix, for charge compensation reasons an appreciable number of vacancies are formed. Such cation vacancies, when bound to a substitution impurity ion, form different kinds of I -V dipoles, with dependence on the relative charge distance, and under certain conditions, they can constitute larger polar complexes. 24, 25 Moreover, the existence of free vacancies as free charge carriers in not uncommon in ionic crystals, and their drift in-between structural openings customarily dominates the high temperature ͑in the TSDC measurements͒ or low frequency ͑normally below 1 Hz in the ac dielectric spectroscopy͒ relaxation domains.
It is a well-established fact that the close packing and nonpolymerized nature of the ͓PO 4 ͔ groups in the unperturbed apatitic lattice inhibits the concentration of selective polarizability along axial or preferred directions. However, the preconditions for the development of macroscopic dielectric polarizability and charge storage at low temperatures are fulfilled if one takes into account in detail the apatite's crystal structure data. The large dielectric effects previously observed in monoclinic ͑space group P2 1 /b͒ synthetic chlorapatites ͓Ca 10 ͑PO 4 ͒ 6 Cl 2 ͔ studied by ac dielectric relaxation spectroscopy methods, 12 despite their x-ray characterization as nonpolar crystal structures, are accounted for by a Cl Ϫ -vacancy driven relaxation mechanism. 26 The creation of Cl Ϫ vacancies provides space in the apatitic columns necessary to allow the chlorine ions ͑at heights zХ0, 1/2c in the monoclinic cell͒ to move individually. Chlorapatites with 5% Cl Ϫ vacancies were reported to exhibit dielectric permittivities (⑀Ј) exceeding 10 4 when the vector of the electric stimulus was parallel to the crystallographic c axis. 26 The presence of vacancies in the contacting Cl Ϫ -Cl Ϫ ions along the columns is somewhat dictated by the fact that the ordinary Cl Ϫ ionic radii ͑1.81 Å͒ exceed by 0.24 Å the Cl Ϫ -Cl Ϫ distance ͑ϳ3.38 Å͒, and as a result individual Cl ions tend to be displaced towards the adjacent chlorine anion-vacancies. The intrinsic electric dipole in the chlorapatitic structure arises from the displacement of chlorine from the ideal symmetry position ͑at zϭ0, 1/2c in the monoclinic cell͒, as the Cl Ϫ ions occur at z positions distant ␦ from the midpoints between the Ca͑2͒-triangles ͑perpendicular to the columns at zϭ1/4, 3/4c͒. The resulting Cl Ϫ -Ca͑2͒ 2Ϫ configuration constitutes a dipolar structure in which the electric dipole direction can be reversed by the mere movement of the Cl Ϫ ion from zϭ1/2ϩ␦ to zϭ1/2Ϫ␦.
In fluorapatite, the 6 3 axis of F Ϫ ions ͑at zϭ1/4, 3/4c in the hexagonal cell͒ passes perpendicularly to the planes of the adjacent Ca͑2͒ triangles and through their centers. In its pure stoichiometric form, the F Ϫ ion exists exactly at the center of the calcium triangle and experiences no electrostatic forces tending to move it away ͓Ca-͑O, F͒ distance of approximately 2.463 Å͔. Such a configuration of the mineral structure does not allow the formation of dipole units and would normally render inapplicable dielectric methods in pure Fap crystals. This is not the case in fluorapatites that are compositionally modified. In fluorhydroxyapatite ͓Ca 10 1 Nevertheless, the most common group of substitutes constitute the rare-earth elements La to Lu ͑REE͒. These transition metals, with a progressive filling of the 4 f electron shell, are common minor or trace constituents in Ca structural positions of rock-forming minerals of all geological environments. [28] [29] [30] The progressive decrease in ionic radius through the lanthanides series ͑with increasing atomic number͒ arises from imperfect shielding of one 4 f electron by another 4 f electron, and their crystal chemistry is dominated by simple space fitting requirements. Although the bond valence requirement is probably the most important factor controlling REE site occupancy in apatite, the selectivity of apatite in individual REE appears to be dominated by spatial accommodation alone. In the case of the Durango fluorapatites, high concentrations in light REE ͑LREE, predominantly La and Ce͒, as well as in Sr 4ϩ , have been verified by independent investigators 6, 7, 31 and the present XRF trace-elements analysis.
In the present study, the TSDC spectra of Fap single crystals and the quantitative analysis of the data give information about the relaxation parameters of the dielectrically active relaxation modes in the apatite structure. The evaluation of the corresponding thermodynamic parameters, give evidence that the ordering/disordering information is propagated differently along two perpendicular directions ͑parallel and perpendicular to the crystallographic c-axis͒, following different relaxation mechanisms. A difference of 25% between the values of the radiofrequencies dielectric permittivity of apatite from Asio ͑Japan͒ for the two orientations (⑀Јϭ10.0 for E p ʈ c and 7.6 when E p Ќc͒ supports this statement. 32 An F Ϫ ͑or Cl Ϫ ͒-vacancy translational relaxation mechanism along the columns on the 6 3 screw axis can be used to describe the presence of the strong thermocurrent signals appearing in the TSDC spectra recorded for fluorapatite when the electric vector was parallel to the crystallographic c axis ͑HT band in the as-received A1 and B1 fluorapatite samples͒. Therefore, the main mechanism along c direction seems to be governed by dipolar reorientation induced by the jumps of the F Ϫ ͑and/or Cl Ϫ ͒ ions located in the apatite columns. The existence of an increasing trend of the ͑re͒orientational activation energies with scanning temperature can be therefore connected with the presence of a distribution of microdomains in space along the c axis where the environment of a halogen-vacancy passes through more or less dramatic changes. The above distribution pattern is most likely joined by contributions of strongly overlapping secondary relaxation mechanisms. Earlier studies by Phakey and Leonard attribute the long prismatic habit of natural apatites to ''pure screw dislocations which align with the c axis, and mixed dislocations which deviate slightly from alignment with the c axis.'' 33 The distortion in the interionic distances at microdomains induced by the various dislocations provide easy paths for short range cation/anion migration ͑limited within a few interatomic distances͒, especially by virtue of their relative aligning with the crystallographic c axis. Such structural imperfections are perfect alternative candidates for the appearance of the enhanced ionic and space charge mobility in the TSDC experiments of this poling configuration. The resulting difference between the electrical conductivity and dielectric permittivity of imperfections and matrix, forms the basis for the creation of a MWS interfacial polarization. In the fluorapatites case, the dislocation lines surrounded by impurities play the role of inhomogeneities, with the formation of charge layers at the interface between imperfections and the ''good'' lattice. Thus, especially in the high temperature part of the HT band, it is expected to record a MWS polarization contribution. After annealing the observed changes of band intensity and location can be related with changing of size and/or shape of existing imperfections or the creation of a new one. In relation to the second category of experiments (E p Ќc) great attention has to be paid in polarization modes associated with the creation and selective partitioning of several structural defects. In an extended study in natural and synthetic fluorapatites by Fleet and Pan 6 and the large body of references cited therein, the predictions of REE site preference and selectivity of the host mineral are conclusive to the proposal that light lanthanides ͑La, Ce, Pr, Nd͒ preferentially partition into fluorapatite and in particular favor the underbonded position Ca͑2͒. The above hypothesis is supported by our XRF trace-element analysis of the Cerro de Mercado fluorapatite samples ͑Table I͒, which also indicates an appreciable amount of Sr 2ϩ , Y 3ϩ in addition to the actinides series elements of thorium and uranium ͑i.e., 418 ppm Th 3ϩ and 15.3 ppm U 3ϩ ͒. The LREE substitution for calcium in the Ca͑2͒ positions, with the lower coordination number, accordingly increases the bond valences of these positions. Moreover, the total stereochemistry of the Ca͑2͒, and to a lower degree Ca͑1͒, positions occupied by REE 3ϩ is clearly modified. The substitution of REE 3ϩ into apatite may be charge balanced in various ways ͑e.g., see Ref. The fact that for the rare-earth elements, the valence state is higher than that of the host ion, implies the necessity of a higher ͑than the thermodynamically induced͒ number of cation vacancies 3 and/or anion substitution. As an alternative, many authors assume that the excess of positive charge in the apatitic lattice can also be compensated by the substitution of oxygen for fluorine 35 
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Ϫ substitutions. As a result, the PO 4 tetrahedra are significantly distorted, being elongated along the P-O͑2͒ direction, to a degree very similar to the Cl-ap and OH-ap structures. 9, 36 A theoretical interpretation of the experimental data in the sense of making attribution of the relaxation spectra, in response to the electric poling field in the crystallographic c-axis direction, to definite microstructural mechanisms is difficult to be done. However, in the light of the foregoing discussion the following assignment could be put forward. A curve fitting method analysis of the low temperature current signals in both the A2 and B2 spectra ͑e.g., Fig. 9 for the B2 sample͒ has revealed that the LT 1 band is due to the coalescence of two highly overlapped relaxations ͑denoted LT 1a , LT 1b ͒. Both, the dipolar-type compatible response recorded between different TSDC experiments, and the range of the activation energies associated with the corresponding molecular mechanism responsible for the complex LT 1 band ͑Table II͒, advocate a dipolar interpretation of either one of the following polarizability modes: ͑a͒ electric dipoles formed by chlorine/fluorine ions which are vertically or horizontally displaced from their ideal symmetry position at the columns, due to electrostatic forces by the trivalent rare earth ions residing on Ca͑2͒ and nearby cation sites, and the positive charge of the Ca͑2͒ triangles, and ͑b͒ cation jumping forth and back, on the ͑ab͒ plane, between two of the nearest neighbor ͑nn͒ positions of a cation vacancy. As regards the second relaxation mode, it seems rational to hypothesize that the neighboring relaxations could arise from aliovalent substitute cations. In that case the low temperature peak (LT 1a ; Fig. 9͒ is assigned to the Na ϩ substitute ions, characterized by the smaller ionic radius comparable to calcium ͑for VII and IX coordination r Na ϭr Ca Ϫ0.02 Å͒, and the higher temperature peak (LT 1b ; Fig. 9͒ after heating are associated with localized changes in the equilibrium ionic distribution, initiated by the temperature enhanced amplitude of the lattice vibrations as a whole, and the thermal energy of the ions which is sufficient for surpassing high potential wells after annealing at elevated temperature ranges. The XRD data analysis supports the above hypothesis, since there appear strong differentiation in lattice constants and to a lower degree in several bond distances ͑Table III͒. The most pronounced change has been calculated for the ͑a,b͒ dimension, while small differences in excess of the calculation error, appear for the Ca͑2͒-O͑2͒ and P-O͑2͒ bond distances. The LT 2 peak, in particular, barely appears in the A2 orientation spectrum, implying a very low concentration (N D ) of related dipole units ͑peak's area is proportional to N D 2 , where is the effective dipole moment͒. After annealing the LT 2 peak becomes the predominant signal with a high single activation energy ͑1.06 eV͒ and extremely low pre-exponential factor 0 (ϳ10 Ϫ28 s), unusual for thermostimulated current dielectric studies. Under the new energetic/ionic conditions which develop in the surrounding area of some ionic positions, in the ''quenched'' apatite structure after annealing, pre-existing mechanisms may become energetically unfavorable or simply frozen up due to simple steric hindrance. On the other hand, new ion jumping relaxation bands may appear, by simply considering the presence of new types of vacant structural sites. The appearance of the LT 2 relaxation peak even one year after the heating procedures and with the sample stored at RT conditions, indicates that the microstructural configuration developed after annealing is, at least, partially retained. The above observations favor an explanation based on a polarizability mode, involving ions jumping between vacant nextnearest-neighbor ͑nnn͒ positions that are located outside the columnar regions. We should also take into account that the heating procedure has been performed in oxygen atmosphere, which is a known element for its reactive properties, although by performing standard differential thermal analysis ͑DTA͒ of a Fap sample we did not find any evidence of weight change in the temperature ranges of interest.
In ionic crystals and minerals, the phenomenon of a sub- stantial decrease in a TSDC relaxation band after annealing, when not apparently related to intercrystalline water adsorption or protonic conductivity effects, is usually attributed to clustering phenomena. 24 A process referring to dipole cluster formations whose concentration diminishes after annealing could explain the changes occurring at the HT relaxations appearing in the spectra where the E p Ќc configuration was used. Nonetheless, a simple clustering scheme is not supported by the observation that even one year after annealing the high temperature bands have not restored much of their magnitude, as would be normally expected by the kinetics of clustering processes.
V. CONCLUSIONS
The TSDC technique has been applied to study the dielectric properties of fluorapatite single crystals for two poling field orientations, namely, parallel and perpendicular to the crystallographic c axis. The main depolarization current mechanisms along c axis are governed by dipolar reorientations in the apatite columns, through F and Cl jumps, and ionic motions at regions of long range structural defects ͑screw dislocations parallel to c axis͒. The almost linear dependence of the ͑re͒orientation energies with scanning temperature can be attributed to a distribution of microdomains along the c axis, which differentiate the ionic surroundings. The five distinct TSDC relaxations characterizing the spectra when the poling field was perpendicular to c axis are tentatively discussed, in order of appearing temperature range, in terms of ͑a͒ relaxation of REE 3ϩ /Na ϩ and cation (Ca 2ϩ )-vacancy dipoles, ͑b͒ a strong and persistent ion-jump relaxation effect which dominates in the annealed samples, and ͑c͒ dipole-clustering phenomena.
